1 Rapid "change-in-support" (stepping or grasping) balance-recovery reactions play a 2 critical role in preventing falls. Studies investigating age-related impairments in these reactions 3 using differing perturbation methods have shown contradictory results. The discrepancies could 4 be due to the different mechanical and sensory stimuli provided by the different perturbation 5 methods, but could also be due to other confounding factors (e.g. differences in perturbation 6 predictability). This study compared two commonly-used perturbation methods: weight-drop as well as stepping reactions evoked by lateral perturbations delivered while subjects walked "in-14 place". Although age-group effects were almost always more pronounced for ST perturbations, 15 the direction of the effect was always the same for both perturbation methods; hence, the 16 perturbation-dependent differences in mechanical and sensory stimuli did not seem to be a 17 critical factor. Perturbation waveform appeared to be a more important factor. For the 18 perturbation methods used here, the ST perturbations were more destabilising than the CP 19 perturbations (leading to a more rapid rise in perturbatory ankle-torque and greater centre-of-20 mass motion prior to the onset of the postural reaction), and were consequently more effective in 21 revealing age-related deficiencies. 
INTRODUCTION

1
The ability to react to sudden perturbations is critical to balance control. Of particular 2 importance in preventing falls are change-in-support reactions, involving rapid stepping and 3 grasping movements (Maki and McIlroy, 2006) . These reactions are the only defence against 4 large postural perturbations (Shumway-Cook and Wollacott, 1995) , but are frequently recruited 5 following smaller perturbations when subjects are allowed to react naturally (McIlroy and Maki, 6 1993b; Jensen et al., 2001) . Age-related differences in change-in-support reactions have been studied using cable-pull 8 (CP, e.g. Luchies et al., 1994; Rogers et al., 2001) , surface-translation (ST, e.g. McIlroy and 9 Maki, 1996; Brauer et al., 2002) , and release-from-lean perturbations (e.g. Thelen et al., 1997; 10 Hsiao- Wecksler and Robinovitch, 2007) . Contradictory age-related effects have emerged from 11 these studies. For example, some studies showed that foot-off times were slower in older adults 12 (OA), some showed that young adults (YA) were slower, and some showed no age-related 13 difference (Table 1 ).
14
The cause of the contradictory findings is unclear. One possibility pertains to differences 15 in perturbation method, which result in differing mechanical and sensory stimuli. For example, 16 CPs apply pressure at the pelvis whereas STs induce shear forces at the foot-sole; therefore, there 17 are differences in cutaneous stimuli. Furthermore, differences in the point-of-application of 18 perturbatory force could affect induced patterns of motion as well as associated proprioceptive,
19
visual and vestibular stimuli (Liu et al., 2003) . Differing mechanical and sensory stimuli, and 20 age-related differences in the ability to respond to specific types of stimuli, may influence 21 characteristics of balance-recovery reactions and the degree to which age-related differences are 22 observed. It is also possible that differences in the time-history and amplitude of the 23 perturbatory force affect the degree to which age-related differences emerge; however, few variables can be difficult to compare (e.g. cable-pull force versus support-surface acceleration).
2
The contradictory findings could also be due to differences in the predictability of 3 perturbation characteristics, which could affect the ability to adopt predictive control strategies 4 (Horak et al., 1989; Maki and Whitelaw, 1993) . During release-from-lean perturbations, 5 perturbation direction and magnitude are entirely predictable. Unpredictable multi-directional 6 CP and ST perturbations are possible (Henry et al., 1998; Luchies et al., 1999; Maki et al., 2000; 7 Mille et al., 2005; Schulz et al., 2005) ; however, CP and ST studies have varied in the degree of 8 unpredictability used. Additionally, there are often differing instructions given to subjects, 
11
This study aimed to determine if previously-reported age-related differences in change-12 in-support reactions are dependent on perturbation method, under conditions where other 13 confounding factors are controlled. We compared CPs delivered by a weight-drop apparatus and
14
STs delivered by a motor-driven motion-platform, using perturbation parameters (weight-drop 15 magnitude/distance, platform-acceleration profile) similar to previous studies (e.g. Luchies et al., 16 1994; McIlroy and Maki, 1996) . In each case, we gave the same instructions to subjects and 17 varied the perturbation features in an unpredictable manner. We hypothesised that both 18 perturbation methods would reveal the same fundamental age-related deficiencies. However, we 19 also suspected that the two methods would exhibit differences in perturbation waveform that 20 could influence the degree to which these deficiencies are revealed. To explore this possibility,
21
we developed a simple model to compare the time-history of the perturbatory torque and also 22 analysed differences in evoked center-of-mass (COM) motion. 
METHODS
1
We recruited 10 YA (22-28 years; five men; height 1.63-1.83m; weight 57-104kg) and 30 2 community-dwelling OA with a history of falls or instability (64-79 years; 15 men; height 1.51-3 1.82m; weight 52-118kg). Subjects were right-handed with no neuromusculoskeletal conditions 4 adversely affecting daily activities. Ethical approval was obtained from the institutional review 5 board and subjects provided written informed consent. The OA were participants in a balance-6 training study; the pre-training data presented here are also reported as part of that study et al., 2008) .
8
As detailed previously (Mansfield et al., 2007) , subjects either stood or walked in-place 9 on a large (2x2m) multi-axis motion platform that delivered ST perturbations (Figure 1 ). Multi-10 axis CP perturbations were delivered using a weight-drop system connected to a belt (worn at the 11 height of the anterior-superior iliac spines) via cables and pulleys. The CP system was mounted 12 on the motion platform, allowing perturbation method, direction and timing to be varied 13 unpredictably from trial-to-trial. After 12 initial familiarisation trials, subjects completed three 14 trial blocks focussing on: 1) stepping evoked by antero-posterior (AP) perturbation of stance; 2) 15 stepping evoked by medio-lateral (ML) perturbation while walking in-place; and 3) grasping 16 reactions evoked by backward perturbation of stance (Table 2 ). The walk-in-place task was used 17 in ML-step trials because previous work has shown that this task exacerbates age-related 18 problems in avoiding collision between the swing and stance limbs (Maki et al., 2000) .
19
Three force-plates recorded ground-reaction forces (Figure 1) (Maki, 1987) . Surface electromyographic (EMG) activity was recorded bilaterally from 2 tibialis anterior, medial gastrocnemius, medial deltoid, and biceps brachii. All signals were low-3 pass filtered (10Hz) and sampled at 200Hz, except the video (sampled at 60Hz) and EMG (band-4 pass filtered 10-500Hz, sampled at 1000Hz).
5
To compare the destabilising effect of CP and ST perturbations, COM displacement and 6 velocity were calculated for AP-perturbation trials (trial-block #1), by integrating the net AP-7 force acting on the body (Figure 2 ). An inverted-pendulum model estimated the perturbatory 8 ankle-torque resulting from each perturbation-method ( Figure 3 ).
9
Outcome measures were those used in previous studies examining age-related differences 10 in change-in-support reactions. AP-and ML-step reactions (trial-blocks #1 and #2, respectively) 11 were characterised by: frequency of multi-step reactions, stepping pattern, and frequency of arm 12 reactions (despite instructions not to move arms). We also determined the frequency of "extra" 13 lateral steps (AP perturbations, trial-block #1) and frequency of collisions between the swing-14 and stance-limb (ML perturbations, trial-block #2). All of the above were detected from the 15 kinematic data and confirmed by inspection of the videos. For the initial step in each trial (AP 16 perturbations, trial-block #1), we also analysed: 1) onset of preceding ankle-muscle activation
17
(the "automatic postural response"; (Nashner and Cordo, 1981)); 2) foot-off and foot-contact 
RESULTS
12
The model revealed a more rapid rise in the initial perturbatory ankle-torque generated by
13
STs, compared to CPs, although the peak torque amplitude was similar ( Figure 3 ). Later phases 14 of the perturbations also differed. For STs, the initial perturbatory torque resulting from the 15 support-surface acceleration was followed by a perturbation in the opposite direction due to 16 surface deceleration. Conversely, each CP provided a unidirectional perturbation.
17
Analysis of COM motion (AP-perturbation trials) confirmed the more rapid rise in 18 destabilizing effect of STs; COM displacement and velocity 100ms after perturbation-onset
19
(before the postural reaction) were higher for STs than CPs (p-values<0.0001; Table 3 ).
20
Conversely, COM displacement at foot-off and foot-contact time was larger in CP-trials (p-21 values<0.0001). CP-trials also showed higher COM velocity at foot-contact (p-values<0.0001);
22 however, at foot-off, this trend was only seen in YA "backward-fall" trials (p=0.026), and CPs
23
showed lower COM velocity in OA "forward-fall" trials (p<0.0001).
24
AGE-RELATED IMPAIRMENTS IN BALANCE REACTIONS 8
Age-related differences in change-in-support responses were commonly observed, but 1 were more pronounced in ST-trials ( smaller; Figure 4e ).
10
STs appeared more likely than CPs to cause problems for older adults, evidenced by the 14 CP). "Floor effects" in these CP data likely contributed to small age-effect sizes (0.09-0.14) and 15 the failure to attain statistical significance.
16
The dependence of age-effect on perturbation-method was confirmed by two-way
17
ANOVA. These analyses showed a significant age-by-method interaction (p<0.05) for: Although age-effects were almost always more pronounced in ST-trials, the direction of 2 the age-effect (i.e. whether the variable increased or decreased in OA) was invariably the same 3 for both perturbation methods, as hypothesised. The similar nature of age-effects across two 4 distinctly-different perturbation methods suggests that the specific nature of the mechanical 5 stimulus and associated sensory drive were not critical factors.
6
The more pronounced age-related differences observed in ST-trials suggest that STs were 7 more destabilising than CPs. Supporting this, our inverted-pendulum model predicted a more 00ms or more after perturbation-onset.
13
Interpretation of COM motion at later points is more complicated as this also reflects the 14 influence of the perturbation-evoked reaction. Although there were mixed results at foot-off,
15
COM displacement and velocity at foot-contact were consistently higher for CPs. This could 16 reflect the stabilizing influence of platform deceleration in ST-trials (McIlroy and Maki, 1994) .
17
The platform deceleration-pulse began 300ms after perturbation-onset, and hence was likely too determined conclusively from the present data.
1
The modelling and COM results suggest that perturbation time-course (waveform) was a 2 more important factor than the nature of mechanical and sensory stimuli. Thus, for example, the 3 slower rise in perturbatory ankle-torque generated by CPs allowed OA more time to plan and 4 execute change-in-support reactions, whereas the more urgent need to respond rapidly to ST 5 perturbations would be more likely expose limitations arising from age-related speed-of-6 processing decrements (Schulz et al., 2006) . This is supported by the fact that foot-off, foot-7 contact, grasping-reaction latency and rail-contact were all delayed in CP-trials (Table 4 ). The 8 more rapid onset of STs, compared to CPs, may have also contributed to the higher frequency of 9 limb collisions during ML-step trials. In these trials, subjects walked in-place with the 10 perturbation triggered to occur shortly after one foot was lifted. The very rapid initial ML 11 support-surface movement caused the stance leg to move rapidly toward the lifted foot, making it 12 difficult to avoid a collision between the limbs.
13
The unpredictable trial-to-trial variation in perturbation-method (CP or ST) is unique to 14 this study. Potentially, this higher level of unpredictability could be responsible for some 15 discrepancies between this and previous studies. For example, previous studies have shown very 16 small age-related delays (e.g. <10ms, Woollacott et al., 1986) in onset of early "automatic 17 postural responses" in ankle musculature, whereas the present study showed much larger age-18 effects (~40-50ms). Conceivably, the higher degree of unpredictability may have impeded the 19 ability of OA to detect onset of instability, compared with other studies.
20
To facilitate comparison with previous studies, the present findings are included in Table   21 1. Our findings agree with previous ST studies, with one exception: the present analysis of foot-
22
off times showed more rapid initiation of AP steps in OA, whereas the previous work indicated 23 no significant age-effect for foot-off time (McIlroy and Maki, 1996) . The YA foot-off times were
quite similar in both studies, whereas our OA initiated more rapid responses than the previously-1 studied OA. The discrepancy could be due to differences in perturbation unpredictability 2 (greater in the present study) and/or differences in OA cohort (history of instability/falls, no such 3 history in the previous study).
4
For CPs, the present results are supported by previous studies in some cases but not in 5 others. There was mixed support for our findings that AP-step foot-off times were faster in OA 6 and that swing duration was unaffected by age; however, there was agreement with our finding 7 that OA took shorter steps. For ML-step reactions, a previous CP study found that OA favoured 8 crossover steps and that crossovers were associated with a high rate of limb collisions (Mille et 9 al., 2005), whereas we found no significant age-effect on frequency of crossover steps and limb 10 collisions occurred rarely in our CP-trials. The ML-step discrepancies could be due to the fact 11 that our ML perturbations were delivered during in-place walking (rather than bipedal stance). It 12 is more difficult to pinpoint the cause of discrepancies in AP-step findings. Possible 13 explanations include differences in: cohort characteristics, perturbation unpredictability, 14 perturbation waveform, instructions, measurement/analysis methods and/or statistical power.
15
Regarding grasping reactions, only one previous study has examined age-related 16 differences; that study used AP ST-perturbations (Maki et al., 2001 on a motion platform, so that ST perturbations can also be delivered).
The present study is the first to directly compare age-related differences in change-in- et al., 1998; Pai et al., 2000) . We would also emphasize that 3 this model was intended only to provide a means of identifying major differences in perturbation 4 time-course, and was not intended to provide precise predictions of joint kinematics and kinetics.
5
A third limitation is that the comparison of COM motion was restricted to AP-perturbations. We 6 elected not to analyze COM motion evoked by ML perturbation, in this study, because the 7 interpretation of these data is complicated by variation in: 1) pattern of stepping (crossover 8 versus side-step); 2) occurrence of collisions between the swing and stance limb; and 3) ML
9
COM velocity at time of perturbation-onset (due to variability in the "walk-in-place" pattern).
10
The degree to which the two perturbation methods induce different patterns of ML COM motion 11 remains to be addressed in future studies.
12
In conclusion, the present results indicate that age-related differences in the control of 
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The authors declare that they have no conflicts of interest. analyses (see Table 4 ). Panel E depicts the one exception, where the age-effect was more 21 pronounced in the CP-trials. * Direction of falling motion induced by perturbation: L = leftward, R = rightward, F = forward, B = backward. † OA = older adults ( 65 years), YA = young adults ( 40 years). "OA<YA" indicates that the OA mean was significantly smaller than the YA mean, etc. ‡ These cable-pull studies used an electromechanical actuator, rather than a weight-drop mechanism. § These studies included ST perturbations that were also unpredictable in terms of their waveform, i.e. the timing of the acceleration and deceleration of the moving surface was not the same for all trials. ** These findings pertain to trials in which the perturbation was delivered while subjects walked "in-place" (in all other cases the perturbations were applied during bipedal stance). each trial block, the listed surface-translation (ST) and cable-pull (CP) perturbations were delivered in an unpredictable randomized sequence, in the directions indicated (F=forward, B=backward, L=left, R=right; AP=antero-posterior, ML=medio-lateral). The "additional trials" were included solely for the purpose of increasing unpredictability and were not analysed. Given 40 subjects, the specified protocol yields the following numbers of trials for analysis: 640 AP-step trials (40x16) in trials-block #1, 640 ML-step trials (40x16) in trial-block #2, and 400 grasp trials (40x10) in trial-block #3. However, the actual numbers of trials performed were reduced to 622 in trial-block #2 and 364 in trial-block #3, due to a small number of subjects who wished to terminate the session early.
22
† The ST perturbations comprised a 300ms acceleration pulse followed immediately by a 300ms deceleration pulse (Figure 2a ). Each pulse was approximately "square", with an amplitude of 2.0m/s 2 for forward translations (evoking backward falling motion) and 3.0m/s 2 for other translation directions (backward, left, right). The displacement and peak velocity were 0.18m and 0.6m/s for forward translations; 0.27m and 0.9m/s for other directions. ‡ The CP perturbations were applied by dropping a weight equal to 20% of body weight. The drop height was 40cm 40cm for stepping trials and 30cm for grasping trials.
§ The "2 nd waveform" STs were included to deter subjects from learning to use the platform deceleration to aid in recovering balance (McIlroy and Maki, 1994) . This waveform comprised a 200ms acceleration pulse, a 400ms constant-velocity interval, and a 200ms deceleration pulse. The acceleration of this second waveform ranged from 1.35m/s 2 to 2.25m/s 2 . ** Perturbations for the walking-in-place trials were timed to occur at foot-lift of the foot contralateral to the fall direction evoked by the perturbation (e.g. right foot-lift for a leftward fall) in order to increase the probability of observing a collision between the step foot and the stance leg (Maki et al., 2000) . The perturbation was delivered after a random number of steps (3-8) and was triggered when the stance-leg force-plate loading exceeded 90% of body weight. Table 2 were due to technical problems. ‡ Effect size is the difference between the young-(YA) and older-adult (OA) means (YA minus OA), divided by the pooled standard deviation. Results from one-way ANOVA indicating significant age-group effects: *p<0.05, **p<0.001, ***p<0.0001. § Results from the two-way ANOVA indicating statistical significance of the age-group by perturbation-type interaction. Significant and near-significant interactions are highlighted with shading. † † Earliest tibialis anterior (TA) latency analysed for "backward fall" trials (i.e. backward CPs and forward STs); medial gastrocnemius (MG) latency analysed for "forward fall" trials (i.e. forward CPs and backward STs). † † † A harness-assisted recovery was deemed to occur if the safety harness loading exceeded 20% of body weight. 
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